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Identification and quantification of methylglyoxal as
the dominant antibacterial constituent of Manuka
(Leptospermum scoparium) honeys from New
Zealand

Elvira Mavric', Silvia Wittmann', Gerold Barth? and Thomas Henle'

nstitute of Food Chemistry, Technische Universitéit Dresden, Dresden, Germany
“Institute of Microbiology, Technische Universitdt Dresden, Dresden, Germany

The 1,2-dicarbonyl compounds 3-deoxyglucosulose (3-DG), glyoxal (GO), and methylglyoxal
(MGO) were measured as the corresponding quinoxalines after derivatization with orthophenylendi-
amine using RP-HPLC and UV-detection in commercially available honey samples. Whereas for
most of the samples values for 3-DG, MGO, and GO were comparable to previously published data,
for six samples of New Zealand Manuka (Leptospermum scoparium) honey very high amounts of
MGO were found, ranging from 38 to 761 mg/kg, which is up to 100-fold higher compared to conven-
tional honeys. MGO was unambigously identified as the corresponding quinoxaline via photodio-
dearry detection as well as by means of mass spectroscopy. Antibacterial activity of honey and solu-
tions of 1,2-dicarbonyl towards Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) were
analyzed using an agar well diffusion assay. Minimum concentrations needed for inhibition of bacte-
rial growth (minimum inhibitory concentration, MIC) of MGO were 1.1 mM for both types of bacte-
ria. MIC for GO was 6.9 mM (E. coli) or 4.3 mM (S. aureus), respectively. 3-DG showed no inhibition
in concentrations up to 60 mM. Whereas most of the honey samples investigated showed no inhibition
in dilutions of 80% (v/v with water) or below, the samples of Manuka honey exhibited antibacterial
activity when diluted to 15—30%, which corresponded to MGO concentrations of 1.1—1.8 mM. This
clearly demonstrates that the pronounced antibacterial activity of New Zealand Manuka honey
directly originates from MGO.
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1 Introduction undertaken in order to explain the antibacterial activity of

individual honey samples by osmotic effects, or the low pH-

The use of honey as a traditional remedy for bacterial infec-
tions is known since ancient times. According to [1], scien-
tific research in that field aiming at the identification of
antibacterial compounds started with the pioneering reports
of van Ketel in 1892. Dold et al. [2] established the term
“inhibine” for the light and temperature sensitive antibacte-
rial substances in honey without further chemical character-
ization. Since then, numerous investigations have been
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value caused by several organic acids [3—6]. The most
known inhibine is hydrogen peroxide [7, 8], which is
formed in the honey by glucose oxidase. Several studies,
however, have shown that certain honey samples possess an
antibacterial activity which persists after removal of hydro-
gen peroxide by catalase [8]. It has been observed that Man-
uka honey, derived from the Manuka tree (Leptospermum
scoparium) in New Zealand, has a very high level of “non-
peroxide” antibacterial activity [9—10]. The pronounced
antibacterial activity of Manuka honey is an important com-
mercial property, which is referred to in marketing purposes
as the so-called “Unique Manuka Factor” (UMF), leading
to a classification of premium products based on microbio-
logical assays [11].

Although several studies have been undertaken in order
to characterize the components responsible for the “nonper-
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oxide” antibacterial activity of Manuka honey [12], the
chemistry behind this phenomenon still remains unclear. In
a recent report, Weigel et al. [13] showed that honey con-
tains varying amounts of 1,2-dicarbonyl compounds such
as glyoxal (GO), methylglyoxal (MGO), and 3-deoxygluco-
sulose (3-DG) besides 5-hydroxymethylfurfural, a well-
known indicator for heat-treatment. 1,2-Dicarbonyl com-
pounds are formed in the course of the Maillard reaction or
caramelization reactions as degradation products from
reducing carbohydrates [14]. Motivated by a report from
Suortti and Malkki [15], who found that heated solutions of
glucose or fructose, respectively, exhibit a pronounced anti-
bacterial activity against Escherichia coli (E. coli), we
investigated the hypothesis whether 1,2-dicarbonyl com-
pounds present in Manuka honey may be related to the non-
peroxide activity of these food items. 1,2-Dicarbonyl com-
pounds were quantified after derivatization with orthophe-
nylenediamine as the corresponding chinoxalines using
RP-HPLC with UV-detection. Antibacterial properties of
individual 1,2-dicarbonyls as well as of honey samples were
evaluated using an agar well diffusion assay.

2 Materials and methods

2.1 Chemicals

GO and MGO, each 40% in water and MGO, were from
Sigma (Taufkirchen, Germany). MGO was purified accord-
ing to [16] with additional redistillation [17]. 3-DG was
synthetized according to [18] with some modifications
[19]. Acetic acid p.a. was obtained from BioChemica
(Darmstadt, Germany). Phosphoric acid (85%, p.a.) was
from Merck (Darmstadt, Germany). Orthophenylendiamine
(OPD) was obtained from Fluka (Munich, Germany).
HPLC grade methanol was from Riedel de Haen (Seelze,
Germany). Water used for preparation of buffers and solu-
tions was obtained with a Purelab plus purification system
(USFilter, Ransbach-Baumbach, Germany). Agar agar,
yeast extract, peptone, tryptone, and sodiumchloride were
applied from AppliChem (Darmstadt, Germany).

2.2 Honey samples

A total of 50 honey samples of various origin were obtained
from local retail stores or were received as a gift from Bee-
keeper's association Dresden (Imkerverein Dresden, e.V.),
respectively. The six samples of Manuka honey were
ordered via the internet from suppliers of New Zealand
honey.

2.3 Analytical RP-HPLC

1,2-Dicarbonyl compounds were analyzed as the corre-
sponding quinoxalines after derivatization with OPD
according to [13] with some slight modifications. 1.0 mL
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of 15% w/v solutions of honey in 0.5 M sodium phosphate,
pH 6.5, or standard solutions of the 1,2-dicarbonyl com-
pounds were mixed with 0.6 mL of a 1.0% w/v solution of
OPD in 0.5 M sodium phosphate buffer, pH 6.5. The mix-
ture was kept in the dark for 12 h at room temperature. After
membrane filtration (0.45 pm), 20 puL of this samples were
subjected to chromatography analysis. This was performed
using an Akta Basic System with a pump P-900, UV moni-
tor UV-900 and an auto sampler A-900 (all from Pharmacia,
Freiburg, Germany). A stainless steel column,
250 mm x 4.6 mm, filled with Eurospher 100 RP18-mate-
rial of 5 um particle size (Knauer, Berlin, Germany), was
used. The flow rate was 0.8 mL/min. The column tempera-
ture was set at 30°C. The mobile phases were 0.15% acetic
acid (solvent A) and 80% methanol containing 20% solvent
A (solvent B). The gradient started with 20% solvent B over
a period of 2 min, then it was changed linearly to 40% sol-
vent B over a period of 20 min and to 100% solvent B
within 15 min, followed by an elution with 100% solvent B
over a period of 5 min and then it was changed to 20% sol-
vent B in 7 min with subsequently equlibration with 20%
solvent B for 5 min. Peaks were detected by measurement
of UV-absorbance at 312 nm. External calibration using
reference compounds in the range from 10 to 500 mg/L for
3-DG, from 0.1 to 20 mg/L for GO and from 0.1 to 300 mg/
L for MGO was performed. All calibration curves showed
linearity within these concentration ranges. Detection limits
were 0.3 mg/kg for 3-DG and 0.2 mg/kg for GO or MGO,
respectively.

2.4 LC/mass spectroscopy

LC-MS measurement was performed with a LC system
1100 Series (Agilent Technologies, PaloAlto, USA) and a
Mariner ESI-TOF mass spectrometer (PerSeptive Biosys-
tem, Framingham, USA). Chromatographic conditions
were as above. Electrospray ionization was performed in
the positive ionization mode. Nitrogen was used as curtain
gas (1.5 L/min) and nebulizer gas (0.8 L/min). The mass
spectrometer operating conditions were as follows: spray
tip potential 5190 V, SCIEX heater 290°C, nozzle poten-
tial 90V, skimmer 1 potential 11.50 V, quadrupole DC
potential 7.50 V, deflection voltage —1.00V, einzel lens
potential —34 V, quadrupole RF voltage 1000 V, quadru-
pole temperature 140°C, nozzle temperature 140°C, push
pulse potential 545V, pull pulse potential 210 V, pull bias
potential 3V, acceleration potential 4000V, reflector
potential 1550V, and detector voltage 2250 V. Full scan
mass spectra were measured in mass range 100—3000 m/z
in the tic-mode. The instrument was calibrated using a
protein mixture containing bradykinin, angiotensin I, and
neurotensin (Sigma—Aldrich, Steinheim, Germany). Data
acquisition and handling was preformed using the soft-
ware Data Explorer Version 4.0.0.1 (Applied Biosystems,
Foster City, USA).
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Table 1. 1,2-Dicarbonyl compounds and HMF in honey samples and one pharmaceutical preparation (data given in mg/kg as
median, minimum and maximum value; for samples of Manuka honey data are mean = SD resulting from triplicate analysis; abbrevi-
ations are as follows: 3-DG, 3-deoxyglucosulose; GO, glyoxal; MGO, methylglyoxal; HMF, 5-hydroxymethylfurfural; n.d., not detect-

able, below 0.2 mg/kg; n.a., not analyzed)

Sample 3-DG GO MGO HMF
Commercial honey 342 1.7 3.1 3.9
samples (n = 50) (119-1451) (n.d.-4.6) (n.d.-5.7) (1.0-75)
Manuka 1 “active 5” 1060 = 54 0.7+0.2 38.4:5.0 3.0:0.2
Manuka 2 “active” 668 + 30 3.0:1.0 347 + 20 22605
Manuka 3 “active” 563 = 26 3.9:1.0 41124 17.6 + 0.6
Manuka 4 “UMF 10” 747 =40 1.2:0.5 416+ 35 213141
Manuka 5 “UMF 20” 807 + 39 42:1.1 743 + 40 43.9:2.0
Manuka 6 “UMF 25” 697 + 44 7.0:1.0 76125 n.a.
Antibacterial wound gel n.a. n.a. 31220 n.a.

2.5 Assessment of antibacterial activity

Antibacterial activity of honey and solutions of 1,2-dicar-
bonyl were analyzed using an agar well diffusion assay
according to Patton et al. (2005) [20]. E. coli or Staphylo-
coccus aureus (S. aureus) were precultivated overnight at
37°C in 50 mL flasks containing 10 mL of nutrient broth
according to [21]. Afterwards 0.1 mL of the cultures were
spreaded on plates containing solidified nutrient medium.
Wells 10 mm in diameter (0.2 mL capacity) were bored into
the surface of the agar medium. 0.15 mL of solutions of the
1,2-dicarbonyl compounds GO, MGO, and 3-DG in 0.5 M
sodium phosphate buffer, pH 6.5, or honey diluted to con-
centrations ranging from 15 to 80% in the same buffer were
placed into the wells. Plates were incubated at 37°C for
20 h. The zones of inhibition were measured. MIC values
(minimum inhibitory concentration) were determined. MIC
corresponds to the lowest concentration, for which an inhib-
ition zone was visually detectable.

3 Results

The trapping of 1,2-dicarbonyl compounds with orthophe-
nylenediamine and subsequent chromatographic analysis of
the corresponding chinoxalines using RP-HPLC with UV
detection at 312 nm is a generally accepted method for the
quantification the degradation compounds formed from
carbohydrates during Maillard reactions or caramelization.
Recently, we were able to quantify 1,2-dicarbonyls in honey
[13] for the first time. In the present study, a large number
of commercially available samples were investigated and it
could be shown, that for most of the conventional honeys,
the amount of GO and MGO was low when compared to 3-
DG (Table 1). GO and MGO did not exceed maximum lev-
els of 5 mg/kg and were not affected by storage conditions,
whereas up to 1451 mg/kg of 3-DG were measured. The
observation by Weigel et al. [13] that no correlation exists
between the amount of HMF and 3-DG, the latter represent-
ing the direct precursor for HMF, could be confirmed.
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Table 2. MIC (minimally inhibitory concentration) of solutions
of 1,2-dicarbonyls or diluted honey samples, respectively, and
concentrations of MGO in honey samples diluted to corre-
sponding MIC

Sample MIC for E. coli MIC for S. aureus
3-DG No inhibition observed up to 60 mM
GO 6.9 mM 4.3mM

MGO 1.1 mM

Honey samples >80%

Manuka honeys 2—-6 15-30%

MGO at MIC dilution 1.1-1.8 mM

While analyzing further honey samples, we noticed for
samples of commercially available Manuka honey from
New Zealand (Fig. 1A) surprisingly high peaks of a chi-
noxaline eluting with identical retention time as the chi-
noxaline formed from MGO and orthophenylenediamine
(Fig. 1B). Using a photodiodearry detector, it could be
shown that the UV-spectra of the peaks detected in the
honey samples were identical to that in the reference sample
of MGO. For unambiguous identification of the chinoxaline
derived from MGO, LC-TOF-MS was performed. Identical
mass spectra with a dominant signal at an m/z of 145.1
when measured as [MH]" were found for the peak eluting at
39 min in the chromatograms of Manuka honey samples as
well as the reference sample of MGO (Fig. 2). This clearly
proves the unambiguous identification of the chinoxaline
formed from MGO and orthophenylendediamine. In six
samples of Manuka honey from New Zealand, concentra-
tions for MGO ranged from 38 to 761 mg/kg (Table 1),
which is up to 1000-fold higher than corresponding data for
the conventional honey samples. Interestingly, there was an
indication that the “UMF-value”, which is a commercially
used parameter to rate the antibacterial activity of Manuka
honey, is directly related to the content of MGO (Table 1).
Based on that surprising result, we hypothesized that the
antibacterial activity of Manuka honey may at least in part
be due to MGO. In order to prove this hypothesis, first the
antibacterial properties of the 1,2-dicarbonyl compounds
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Figure 1. RP-HPLC with UV-detection at 312 nm. (A) Stand-
ard mixture consisting of 3-DG (155 mg/L), GO (12 mg/L), and
MGO (45 mg/L); (B) forest honey; (C) Manuka honey.

were evaluated using an agar well diffusion assay. As can be
seen from Table 2, all compounds studied exhibited an
inhibiting effect against E. coli and S. aureus. The pro-
nounced antibacterial effect was found for MGO, which is
expressed by a MIC value of 1.1 mM for both bacteria
strains. The values for MIC represent the minimum concen-
tration of a compound for which an inhibiting effect was
detectable. GO, for which a MIC of 6.9 mM for E. coli and
4.3 mM for S. aureus were measured, and 3-DG, which
showed no inhibition at concentrations up to 60 mM, were
significantly less effective inhibitors for bacterial growth
when compared to MGO (Table 2). Next, it was evaluated
whether honey samples exhibit an antibacterial effect under
the conditions used in our assay. A pronounced antibacterial
activity was only found for the samples designated as
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Figure 2. ESI-TOF-MS spectra for the peak eluting with a
retention time of 39 min in the RP-HPLC chromatograms
shown in Fig. 1. (A) Manuka honey sample; (B) reference
sample of MGO.

“active Manuka honey”. For this samples, MIC values,
expressed as concentrations after dilution in 0.5 M phos-
phate buffer, ranging from 15 to 30% were measured. All
other honeys did not show any antibacterial effect in dilu-
tions below 80%. Based on the quantitative data measured
for MGO via RP-HPLC, it could be calculated that the
amount of MGO “active” Manuka honeys diluted to the cor-
responding MIC, were similar to the determined MIC val-
ues of the standard solutions of the 1,2-dicarbonyl com-
pound. In other words, diluting of Manuka honeys to con-
centrations between 15 and 30% resulted in concentrations
of MGO from 1.1 to 1.8 mM, which are high enough to
exhibit antibacterial effects.

This assumption was finally verified by adding the
amount of pure MGO, which is present in a 20% solution of

www.mnf-journal.com
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Figure 3. Agar well diffusion assay (S. aureus). Sample 1,
active Manuka honey (dilution 20%); sample 2, MGO
(1.9 mM); sample 3, inactive forest honey (dilution 20%) sup-
plemented with 1.9 mM MGO; sample 4, inactive forest honey
(dilution 20%).

an active Manuka honey, to a 20% dilution of an “inactive”
forest honey. This “inactive” honey did not show an anti-
bacterial activity at a concentration of 20% (Fig. 3, sample
4), whereas for the sample of Manuka honey, an inhibition
zone was clearly visible (Fig. 3, sample 1). This Manuka
honey dilution contained 1.9 mM MGO. After adding
1.9 mM MGO to the 20% solution of the forest honey, an
inhibition zone comparable to that of an active Manuka
honey was visible (Fig. 3, sample 3). Based on this observa-
tion, it can be concluded the MGO present in Manuka
honey is directly responsible for the pronounced antibacte-
rial activity of Manuka honey.

4 Discussion

The fact that honey originating from the Manuka tree
(L. scoparium) has a significantly higher level of antibacte-
rial activity when compared to other honeys has been
reported by several authors [9—11]. This antibacterial activ-
ity could not be explained solely by the enzyme glucose
oxidase, which is present in honey originating from the bee,
inducing the formation of hydrogen peroxide when honey is
diluted [7, 12]. This additional contribution in antibacterial
activity was referred to a “nonperoxide activity” or “UMF”,
and several attempts were made in order to identify the
compounds responsible for this effect. Preliminary phe-
nomenological studies showed that the compounds are heat
and light stable, and are not affected when the pH value is
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shifted to values above 11 during fractionation procedures
[5, 22]. Several antibacterial phenolic acids such as caffeic
and ferulic acid as well as syringic and methylsiringic acid
and flavonoids like quercetin, isorhamnetin, and luteolin
[23-25] were identified. The concentrations of these com-
pounds in honey, however, were far too low to cause anti-
bacterial effects. Nevertheless, a patent published recently
describes methods for the preparation of UMF fortified
honey and methods for the preparation of UMF-containing
fractions of honey without insight into chemical details
[26].

With our findings, we unambiguously demonstrate for
the first time that MGO is directly responsible for the anti-
bacterial activity of Manuka honey. It is noteworthy that
such high amounts of MGO as present in Manuka honey
(Table 1) have not yet been found for any other food item.
Low amounts of enzymatically formed GO and MGO were
reported for fermented foods such as milk products as well
as beer and wine, with concentrations ranging from 3 to
11 mg/kg [27, 28]. Furthermore, MGO is known to form
during coffee roasting in amounts of 23—-47 mg/mg [29].
Quantitative data for 3-DG in food are not available. At
present, only speculations can be made concerning the ori-
gin of MGO in Manuka honey. A nonenzymatic formation
via retro-aldolization in the course of heat- or storage-
induced Maillard or caramelization reactions [14] can be
excluded, as relatively low amounts of HMF were meas-
ured. HMF is a sensitive indicator for heat-treatment. MGO
is known as a by-product of increased glycolysis in bacteria
[30], therefore a microbiological origin of the 1,2-dicar-
boynl compound should be taken into account. Further-
more, a recent report [31] for the first time demonstrated
the estimation of MGO level in the range of 30—75 uM in
various plant species and its increase in response to salinity,
drought, and cold stress conditions. Whether this may be of
importance for Manuka from a botanical point of view
remains to be elucidated. Further studies must also clarify
whether the promising experience in wound care issues
reported for Medihoney, which is a pharmaceutical prepara-
tion of Leptospermum honeys from Australia certified for
wound care, may directly be due to MGO [32] (www.medi-
honey.com). One commercially available pharmaceutical
sample of an antibacterial wound dressing contained
312 mg/kg MGO (Table 1). This concentration of MGO
should be high enough to cause antibacterial effects when
applied to wounds.

Finally, from the nutritional standpoint, the physiological
significance resulting from the uptake of MGO and other
1,2-dicarbonyl compounds must be a topic of further inves-
tigations. MGO and glycation compounds resulting from
the reaction of MGO with amino acid side chains of lysine
or arginine, respectively, have been identified in vivo and
are associated with complications of diabetes and some
neurodegenerative diseases, although the role of these com-
pounds in the pathogenesis of different diseases have not
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yet been fully understood [33—35]. Information concerning
a potential toxicity of dietary MGO are rare and ambivalent,
as the intake of MGO has also exerted an anticancer effect
[35—37]. The physiological implications resulting from an
uptake of bioactive carbohydrate degradation products and
a risk-benefit analysis resulting there from must be topic of
further investigations.

In conclusion, with the present investigation the occur-
rence of high amounts of MGO in New Zealand Manuka
(L. scoparium) honey was demonstrated. MGO was identi-
fied as a bioactive compound which is responsible for the
antibacterial activity of these honey samples. Studies in
order to clarify the pathways for the biochemical formation
of MGO in Manuka plants and honey are underway in our
laboratory.
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